In this study, the authors developed a novel active guidewire including a spiral-type magnetic microrobot and ball joint to realize active locomotion and improve the steering capability within external magnetic fields. Most active guidewires provide only steering ability without active locomotion, and their steering angles depend on the physical properties of the wire. The developed mechanism provides a wider range of steering angles because the total steering angle is the sum of the joint angle and wire angle. To evaluate the performance of the proposed mechanism, we compared and analyzed the steering and active locomotion in a dc field and rotating magnetic field in conditions involving and not involving the ball joint mechanisms. At a low magnetic field strength (up to 4 kA/m), considerable improvement in the steering angle owing to the use of the ball joint was noted. The dc and rotating fields with an intensity of 8 kA/m generated peak steering angles of 189 • and 135 • , respectively. Various experiments were conducted, and the results confirmed that the proposed mechanism could improve the steering ability while realizing active locomotion. In particular, the steering stability and movement ability corresponding to different types of magnetic fields could be analyzed.
I. INTRODUCTION
Magnetically actuated microrobots have been developed for biomedical applications [1]- [5] ; In particular, owing to their small size and ability to be wirelessly controlled without the need for implanted batteries, magnetic microrobots can be applied to minimally invasive treatments to enable diagnosis and therapy in medicine, such as for sensing, targeted drug delivery, hyperthermia, active guidewire applications, and performance of biopsy [6] - [11] . For active locomotion of magnetic microrobots, a certain magnetic force and magnetic torque are required according to the associated robot mechanism. The control of magnetic force and magnetic torque can lead to the generation of translational and rotational movement, respectively, to enable active locomotion. The mobility and steerability of magnetic microrobots are The associate editor coordinating the review of this manuscript and approving it for publication was Yizhang Jiang . desirable factors that can enable their potential application in active guidewires or catheter systems. Conventional catheterization requires reasonable control skill because medical doctors must control the tip of the guidewire via motion that is induced from outside the patient's body. In such a case, the condition of the tip of the guidewire is also critical for steering; If the tip is twisted, it is difficult to steer the guidewire. To avoid these issues, active guidewires have been developed, in which controllable steering is realized using a multi-joint mechanism based on shape memory alloy (SMA) or shape memory polymer actuators (SMP), and magnetic actuation is realized using magnetic torque and force [12] - [16] . Typically, the steering of magnetically actuated guidewires is driven by the magnetic force or magnetic torque. In general, an applied magnetic field gradient generates translational motion via the magnetic force, whereas a uniform magnetic field can produce rotation via the magnetic torque to enable the control of magnetic microrobots [17] - [23] . The rotating VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ motion corresponds to better mobility and steerability than translational movement does. Magnetically actuated guidewires can be structurally simple and easy to control in comparison to guidewires using SMA, SMP, and other smart materials. In particular, these guidewires can be miniaturized owing to the realization of wireless control. Therefore, several research groups have attempted to develop magnetically actuated active guidewires. Krings et al., [24] used two permanent magnets for position control of a 0.0014-inch magnetic microguidewire; the tip in this case was a permanent magnet of 2 mm, and the system produce a high-intensity magnetic field of 0.1 T. Clogenson et al., introduced steerable guidewire that was compatible with the MRI environment and thus could be applied for endovascular interventions [25] . Jeon et al., realized precise steering and unclogging motions of a catheter, which consisted of a flexible tube and permanent magnet (15.7 mm 3 in volume) [26] . Choi et al., introduced a magnetically actuated flexible microrobot (with a magnet diameter and length of 0.4 mm and 0.8 mm, respectively) to improve the steerability of a guidewire. The guidewire was driven by a 15mT field, and generated a steering angle of up to 80 • in a dc magnetic field [27] . Jeon et al. developed a magnetically controlled soft microrobot using two permanent magnets with PDMS for steering a guidewire [28] . The robot contains two separate magnets, which have a diameter and length of 0.4 and 0.8 mm, respectively. Using the robot, maximum steering angle of 132.7 • was achieved at 15 mT. Kim et al. developed a magnetic catheter with rotating multi-magnets for unclogging motions with enhanced steering capability [29] . The magnetic catheter contained two separate magnets: the outer diameter, inner diameter and length were 2, 1, and 5 mm, respectively. The magnetic catheter generated a steering angle of 60 • at 14 mT. All these magnetic guidewires exhibited steerability, although they were unable to realize active locomotion. Therefore, their mobility was controlled by a feeding device or the hand control of medical doctors. To realize active locomotion with steering for a guidewire, we previously employed a spiral-type magnetic microrobot, and the proposed system could realize active locomotion with steering in a three-axis Helmholtz coil [16] . Although the system generated relatively small steering angles of less than 50 • at 10 mT, the approach represented a valuable technique that could help realize steering with active locomotion. Using the screw mechanism, the robot could perform drilling in blood vessels to remove clots. The system was in contrast to most magnetic active guidewires that demonstrate low steering angles of less than 90 • and cannot realize active locomotion. In order words, the guidewire is a very difficult or impossible to change the steering more than 90 degrees in a very narrow moving space. Therefore, a mechanism is needed to create a large steering angle at the end of the wire.
In this study, we proposed a new mechanism for enhancement of steerability and active mobility. The developed robotic guidewire has significant implication for minimally invasive interventional medicine technology. In particular, the proposed mechanism and methods can realize a highly safe, high-precision automated multifunctional active microcatheter system for diagnosis and therapy, such as treating an aneurysm associated with conventional active guidewire. The proposed method and its advantages are as follows:
(1) We propose a ball joint mechanism that can innovatively adjust the steering angle.
-Enhancement of maximum steering angle (θ S = θ J + θ W ): wire angle (θ W ) and joint angle (θ J ). -Wider range of magnetic field strengths for steering, from 1 kA/m. (2) Spiral-type mechanism for 3D active locomotion and precision control using a rotating magnetic field and dc magnetic field. (3) Effective thrombus removal function by generating a rotating and tilting motion of the spiral-type microrobot using the ball joint mechanism. A spiral-type magnetic microrobot was applied as the tip of a guidewire to enable active locomotion. The robot and the guidewire were connected by a ball-joint to improve the steering angle. In general, the steering angle of a guidewire depends on flexible property of the guidewire. Therefore, the steering angle corresponds to the bending angle of the wire. The steering angle of the proposed mechanism was divided into two angles: joint angle and wire bending angle. The developed ball-joint could produce a maximum joint angle of up to 45 • without the wire bending. We compared the steering angles of the guidewire with the ball joint to those of a guidewire without the ball joint in a dc magnetic field and rotating magnetic field. The proposed mechanism produced a steering angle of approximately 90 • at the extremely low magnetic field of 2 kA/m, and it generated steering angles of approximately 170 • and 120 • at the dc and rotating fields of 8 kA/m, respectively. The rotating magnetic field corresponded to a more stable steering ability than the dc magnetic field did because the robot and wire were aligned in the direction of the rotation axis. Through various experiments, we have improved the steering angle and verified the active movement using the proposed mechanism at a low magnetic field strength.
II. MECHANISM AND MANIPULATION OF THE PROPOSED SYSTEM A. BALL JOINT-BASED END-EFFECTRO FOR ENHANCEMENT OF STEERING
We proposed a novel active guidewire mechanism that employs a ball joint mechanism with a spiral-type magnetic microrobot to improve the steering angle of active guidewire as well as active locomotion. Figure 1 shows the configuration of the proposed mechanism and the conditions for steering via the ball joint mechanism. The proposed active guidewire consists of a spiral-type magnetic microrobot, ball joint, and guidewire, as shown in Fig. 1 (a) . The microrobot is synchronized via a rotating magnetic field. In particular, the ball joint connects the robot and the guidewire while the robot rotates to tow and steer the wire.
In general, the steering angle for magnetically actuated guidewires is the result of the deformation of a guidewire, and active locomotion is not employed. Therefore, the generated steering angles are small, with values of less than 90 • . However, because the developed active guidewire utilizes the ball joint mechanism, two steering angles corresponding to the deformation and ball joint angles are generated. In this manner, the proposed mechanism can provide steering angles of up to 150 • . In addition, the spiral-type magnetic microrobot provides two functions: the realization of active locomotion and drilling in blood vessel to remove clots. The fabricated ball joint can provide a joint angle of up to 45 • along with no wire deformation, as shown in Fig. 1 (b) . Therefore, when the desired angle θ D is 45 • or less, the steering angle θ S is the joint angle θ J . If the desired steering angle is more than 45 • , the steering angle of the proposed guidewire is the sum of the joint angle and wire angle (θ W ), that is the total steering angle is θ S = θ J + θ W , as shown in Fig. 1 (c) . The proposed ball joint mechanism not only provides a wide steering angle but also provides precise control and tilting of the position of the end effector in the rotating magnetic field. The tilt angle is equal to the ball-joint angle.
B. MAGNETIC MANIPULATION TO REALIZE STEERING AND ACTIVE LOCOMOTION
Because of the presence of the ball joint in the end-effector of the proposed mechanism, the developed guidewire provides a wider range of steering angle than can be generated using general guidewire. In particular, the end-effector of the spiral mechanism can help realize active locomotion.
Because the end-effector contains a magnet, steering is controlled via an external magnetic field. The direction and strength of the magnetic torque between a magnet and an applied magnetic field determine the steering direction and angle. The magnetic torque can be expressed as follows:
where M is the magnetic moment and B ext is the external magnetic field density. Figure 2 shows the steering methods according to the type of magnetic field applied, in particular, dc or rotating magnetic fields. Method_1 represents the typical solution for steering using dc fields (uniform or gradient fields). In this case, the guidewire can generate steering without active locomotion, as shown in Fig. 2 (a) . The magnetic torque between the applied field and the end-effector is aligned to the desired direction. However, Method_2, which uses a rotating magnetic field, leads to the realization of both steering and active locomotion, as shown in Fig. 2 (b) . When a rotating magnetic field is applied, the end-effector is synchronized to the rotating magnetic field by the magnetic torque and generates propulsive force for active locomotion. In this case, the direction of movement of the guidewire changes according to the control of two angles, namely, α and ζ . The control of angle α can lead to longitudinal steering of the plane of the rotating magnetic field, and that of angle ζ can help realize lateral steering of this plane. Therefore, three-dimensional movement and steering can be realized by controlling two angles. Figure 2 (c) shows the fabricated robotic guidewire. The microrobot includes a cylindrical NdFeB magnet with dimensions of Ø1.8 mm × 3 mm and moment of 7.1 × 10 −3 Am 2 , along with spiral blades with a pitch of 1.5 mm and blade angle of 70 • . The employed magnet has a radial direction of magnetization. The robot can be produced with a diameter of less than 1 mm, in which case, it can be applied to the cardiovascular guidewire.
Rotation of the end-effector generates thrust owing to the spiral mechanism, as shown in Fig. 2 (c) . The generated thrust of the end-effector can be expressed as follows [6] : where F f is the friction force opposing the movement on the blade surface: F f = µ s F n ; F n is the reactive force, and F n = F t /(cosβ n cosδ − µ s sinδ);µ s is the friction coefficient; and β n and δ respectively represent the blade angle and lead angle.
To enhance the steering and active locomotion of the robotic guidewire, we utilized a magnetic manipulation system based on a three-axis Helmholtz coil, as shown in Fig. 2 (d ). The control system can generate both rotating magnetic fields and gradient and uniform dc magnetic fields to enable the control of the two steering angles. The strength of the magnetic field in the Helmholtz coil can be expressed as follows:
where H x , H y , and H z represent the strengths of the magnetic field in the three-axis coil system; R is the radius of the coil; and d is the distance between the coils for a Helmholtz coil. N denotes the number of turns, and I m is the current amplitude in the coil. Two methods exist to control the coil, depending on the type of magnetic field applied when steering the guidewire. Let us assume, for example, that the guidewire is steering in the xz plane. When a dc magnetic field is used, the steering angle θ s is determined by the ratio of the strengths of the magnetic fields between H x and H z in the x-axis and z-axis coils:tan θ s = H x H z . In the manufactured coil system, there are two coils aligned along each of the three axes, paired by a switch. When the switch is on, they are configured as a Helmholtz coil, which generates a uniform magnetic field; while the switch is off, they make a Maxwell coil, which generates a gradient field. Figure 2 (e) shows the simulation result of generating a steering angle of 60 • using the gradient field. In this case, coil_X1 and coil_Y1 generate a gradient magnetic field that produces both a steering angle and a pulling force (translational force). Figure 2 (f) shows the simulation result of turning on the switch and constructing a Helmholtz coil to generate a steering angle of 60 • . We can selectively use gradient and uniform magnetic fields by controlling the switch. Region A (8 cm × 8 cm) shows the gradient and uniform field distribution. Basic steering tests were performed in this area.
When rotating magnetic fields are produced by Helmholtz coil, the applied rotating magnetic torque generates rotation of the end-effector. In this case, the end-effector produces the thrust force for active locomotion.
To realize steering and locomotion using a rotating magnetic field, we can control the direction of plane of a rotating magnetic field using the control angles α and ζ (see Fig. 2 (b) ), as mentioned previously. The initial generation of the rotation magnetic field is the yz plane. Under the condition, the controlled magnetic field can be expressed as follows: where ω is the angular velocity of the current source; and α and ζ are the control angles for the plane of the rotating magnetic field. The guidewire is controlled in the three-axis Helmholtz coil system. Table 1 lists the specifications of the fabricated coils. In the coil system, the strength of the applied magnetic field was up to 10 kA/m. The coil system could generate a uniform magnetic field within 12 cm of the center in each direction, as shown in Fig. 3 (a) when the switch was ON (closed) for each pair of coils (See Fig. 2 (f) ). Although the design specifications of the three pairs of Helmholtz coils are different, they are designed to generate the same strengths of magnetic field for the same current (see Table 1 and Fig. 3 ). Figure 3 (b) shows the distributions of the gradient magnetic field at coil_X1, coil_Y1, and coil_Z1 when the switches were opened (OFF). The electromagnetic control system can configure the coils as either a Helmholtz or Maxwell coil by controlling the switch state. Therefore, in the Helmholtz coil state, steering and active locomotion can be achieved using a uniform dc or a rotating magnetic field, whereas Maxwell coils provide steering due to a gradient magnetic field. In this case, the force acts in the direction of increasing magnetic density. The control characteristics can change depending on the types of coils in the electromagnetic manipulation system. 
III. EXPERIMENTAL VERIFICATION AND RESULTS
To verify the proposed mechanism, two types of end-effectors were prepared one involving the ball joint and one without the ball joint. Using the two mechanisms, we compared the steering angles in the dc magnetic field and rotating magnetic field. In addition, we observed the performance of active locomotion with steering. For these experiments, we applied field strengths of 2, 4, 6, and 8 kA/m to the guidewire, and the driving frequency of the rotating magnetic field was less than 8 Hz. Steering and movement tests were performed in silicone oil and drilling tests were performed in agar jelly. 
A. ANALYSIS OF STEERING ABILITY
The proposed guidewire includes a spiral-type magnetic microrobot with a ball joint to realize steering and active locomotion. The fabricated ball joint can generate a joint angle of up to 45 • , as shown in Fig. 4 . Therefore, the developed guidewire has a minimum steering angle of 45 • without the deformation of guidewire. The total steering angle is the sum of the joint angle and the wire angle, and the wire angle depends on the distance between the tip (microrobot) and the bending point at constant flexibility. We observed the total steering angles with the distance between the tip and the bending points being 1, 2, and 3 cm. In narrow pathways such as blood vessels, it is necessary that the distance between the tip and the bending point is small for effective steering of the guidewire. Typically, the steering of magnetic guidewire is driven by the dc magnetic field (gradient field). However, because we used a spiral-type magnetic microrobot, we used two types of magnetic fields: a dc field (gradient field) and a uniform rotating magnetic field. The two magnetic fields corresponded to different steerabilities. The total steering angle is the sum of the joint angle and the wire angle, and the wire angle depends on the distance between the tip (microrobot) and the bending VOLUME 8, 2020 Figure 5 shows the variations of the steering angle according to changes in the control angles at the applied dc gradient field strengths of 2, 4, 6, and 8 kA/m with a distance of 2 cm between the tip and the bending point. The strengths of the four fields are always constant in the center of the working space. The applied dc fields are generated by coil_Y1 and coil_X1. Therefore, the control fields become dc gradient fields (see Fig. 2 (e) ).
In the experiments, we could confirm the improvement of the steering angle by the ball-joint under a low strength magnetic field. Because of the elastic property of the wire, the rotation (steering) of the ball-joint was easier to realize than the bending of the wire. Figure 5 (a) shows the steering results of both the ball-joint mechanism and non-ball-joint mechanism at a magnetic field of 2 kA/m. When the control angle was 40 • , the ball-joint mechanism generated a steering angle of 40 • , whereas the non-ball-joint mechanism generated a steering angle of approximately 25 • , depending on the wire property. When the control angle was 150 • , the two mechanisms generated steering angles of up to 75 • and 61 • , respectively. At a strength of 4 kA/m, the difference between the two steering angles decreased due to the increased magnetic torque, which increased the wire angle (bending) At the strength of 4 kA/m, the maximum steering angles for the ball-joint and non-ball-joint mechanisms were respectively 123 • and 108 • , as shown in Fig. 5 (b) . When the applied magnetic field strengths were 6 and 8 kA/m, the steering angles for the ball-joint and non-ball-joint mechanisms were nearly similar, as shown in Figs. 5 (c) and (d) because the steering angle in the gradient field is affected by the pulling force (magnetic force) as well as the magnetic torque. Therefore, the greater the intensity of the applied dc field, the smaller the difference between the two steering angles (ball-joint and non-ball-joint mechanisms). Figure 6 shows the steering angles for both the ball-joint and non-ball-joint mechanisms, corresponding to changes in the control angles in rotating magnetic fields. The applied field strengths were 2, 4, 6 and 8 kA/m at a constant frequency of 1 Hz. For steering, the plane of the rotating magnetic field was changed from the YZ plane to the ZX plane by controlling the angle α (see Fig.2 (b) ). The applied rotating magnetic field produced relatively lower steering angles than those generated by the dc magnetic field. Furthermore, in the case of the rotating magnetic field, the steering angles corresponding to the ball-joint and non-ball-joint mechanisms exhibited a considerable difference.
The applied field with a strength of 2 kA/m exhibited the largest difference in the steering angles for the ball-joint and non-ball-joint mechanisms. When the maximum control angle was 120 • , the difference in the steering angles was 51 • , as shown in Fig. 6 (a) .
From the applied field of 4 kA/m, the control angles were limited to 130 • for both mechanisms. In the case of the ball-joint type, the increase rate of the steering angle decreased for control angles higher than 80 • because of the elastic property of the wire. Under the applied fields with a strength of 4, 6, and 8 kA/m, the ball-joint type generated the maximum steering angles of 100 • , 106 • , and 108 • , respectively, whereas the non-ball-joint type mechanism generated steering angles of 63 • , 78 • , and 90 • , respectively, as shown in Fig. 6 (b)-(d) . A uniform rotating magnetic field provides magnetic torque for steering without the pulling force. Therefore, the difference between the two steering angles is relatively larger when using our mechanism, compared to the gradient field. Further, we analyzed the steering characteristics according to the applied field types and joint mechanisms.
The results presented in Figs. 5 and 6 indicate that the ball-joint mechanism demonstrated excellent steering characteristics, especially at low magnetic field strengths. The maximum control angle and steering angle values for the ball-joint mechanism under dc and rotating magnetic fields, according to the bending points (1, 2, and 3 cm) of the wire, are summarized in Table 2 . The maximum control angle varies, as the rotating magnetic field uses a uniform rotating magnetic field and the dc field uses a gradient magnetic field. Each type of field produces different maximum steering angle. The maximum control angle also depends on the strength of the field and the length of the wire. It can be noted that when the bending point was 1 cm, under a rotating magnetic field of 8 kA/m, the maximum control angle and steering angle values were 100 • and 74 • , respectively. At the A shorter distance between the bending point and end-effector of the guidewire corresponded to a larger force required for steering. Figure 7 shows the COMSOL simulation results of the relationship between the steering angle and bending stress at bending points of 1, 2, and 3 cm. To obtain the simulation results, we experimentally measured the steering angle and bending displacement of the wire. The measured values were applied to the simulation to obtain Fig. 7 . A nylon wire with density, Young's modulus, and Poisson's ratio of 1150 kg/m 3 , 2×10 9 Pa, and 0.4, respectively, was used. In a certain joint angle range, no wire angle is generated VOLUME 8, 2020 FIGURE 7. Simulation results: Relationship between bending stress and steering angle for different bending points. The bending stress is zero up to a certain ball-joint angle. and the bending stress is zero. Bending stress is generated when the steering angle exceeds the ball-joint angle. For a steering angle of 60 • , the bending points of 1, 2, and 3 cm corresponded to a generated bending stress of 2.6, 1.4, and 0.5 × 10 7 N/m 2 , respectively. Therefore, a smaller bending point corresponds to a larger force or torque required to steer.
B. ANALYSIS OF STEERING ABILITY AND MOBILITY
If we consider only the steering angle, the dc magnetic field leads to more desirable results than the rotating magnetic field does for the proposed mechanism. However, the end-effector is a spiral-type magnetic microrobot. Therefore, we consider the improvement of steering with stable locomotion. Figure 8 shows the movement with steering using the proposed mechanism in the dc and rotating magnetic fields. The experiments were conducted using a vision-based feedback system. Therefore, entering the destination coordinates into the control system automatically controlled the magnitude and phase of the current, so the guidewire reached the destination. In addition, the speed of the feeding device and the rotational speed of the robot could be set to be synchronized or asynchronous.
The aim of the experiments was to achieve a steering angle of 120 • and have the guidewire, which was propelled by a feeding device at a constant velocity of 1.87×10 −3 m/s, reach a given destination.
To analyze the stability of movement, we observed the moving trajectory by using a video camera with an image processing technique. Figure 8 (a) shows the driving current profile (the ratio between coil Y2 and X1) and the movement with steering from coil Y2 and X1 in the dc field. FIGURE 8. Movement with steering of developed guidewire using a feeding device in (a) dc magnetic field with current profiles, (b)trajectory of the guidewire using the gradient field, (c) rotating magnetic field with current profiles. Rot denotes the rotating magnetic field; H is the strength magnetic field; and V is the feeding velocity, and (d) trajectory of the guidewire using the rotating magnetic field. The applied dc field was fixed at 8 kA/m at the center of working space. In addition, the experiment did not use the Z-axis coil because steering was performed in the XY plane. The guidewire took 57 s to reach the destination, and 15 s to reach from points 2 to point 3. The moving direction and head direction must be aligned to ensure stable movement. However, it was confirmed that the trajectory, measured using position tracking with a video camera, from point 2 to point 3 was unstable because the head direction was not aligned to the moving direction due to the influence of the joint mechanism, as shown in Fig. 8 (b) . Figure 8 (c) shows the movement and steering in the uniform rotating magnetic field generated by three pairs of Helmholtz coils, in each axial direction.
In this case, the feeding device propelled the guidewire, and the robot was rotated under a rotating field with a strength and frequency of 8 kA/m and 2 Hz, respectively. X, Y, and Z denote the profile of the current delivered to each coil for active locomotion with steering. The guidewire was steered in a straight line along the X axis from the start point to point A. For this type of movement, the rotating magnetic field was in the YZ plane. Therefore, current was applied to the Y and Z-axis coils with a phase difference of 90 • . To steer to point A, the YZ plane of a rotating magnetic field was rotated to the ZX plane by the steering control angle ζ (see Fig. 2 (b) ). Therefore, the current in the X-axis coil was activated.
In the rotating magnetic field, the direction of the head (robot) was not inclined by the ball-joint because the robot rotated around the rotation axis. Therefore, when the guidewire was moved in the rotating magnetic field, the guidewire exhibited stable movement, as can be confirmed by the moving trajectory. We performed both experiments 10 times each. Under the dc magnetic field, an unstable trajectory was observed six times, whereas when the rotating magnetic field was used, a stable trajectory was obtained in each run, as shown in Fig. 8 (d) . Figure 9 shows the experimental results of the active locomotion and drilling function in the rotating magnetic field without the feeding device. The experiments were controlled manually, using a joystick. Because the experimental apparatus allows for three-dimensional movement, the guidewire is moved along a path by controlling the angles α and ζ in Eq. (4) (see Fig. 2 (b) ). Because of the right-handed screw mechanism being applied on the body, the robot produced active locomotion via rotation of the body. The clockwise rotating magnetic field generated a forward movement, whereas the counterclockwise rotating field generated a backward movement. We fabricated a three-dimensional blood vessel phantom model using 3D printing. Figure 9 (a1) shows the moving path and the desired steering angle. In the phantom model, the maximum steering angle was 120 • . The strength of rotating magnetic field was fixed at 7 kA/m, and the driving frequency was varied from 2 Hz to 8 Hz. The guidewire took 106 s to reach the destination using only the propulsive force of the robot. To move from P1 to P5, it was necessary to steer by 120 • . In this case, it took 31 s to move and steer under a rotation of 2 Hz. In the case of the guidewire having a steering angle of 90 • or less, the success rate was 90% or more regardless of the driving frequency. However, for a steering angle of 120 • , from P4 to P5, the success rate under 5 Hz was 60% or more, whereas that under 8 Hz was less than 50%. The rotating field of 2 Hz thus demonstrated a success rate of 80%. The developed active guidewire was noted to be able to successfully realize the drilling function to remove blood clots. Figure 9 (b1) shows the concept of drilling to remove clots in the blood vessel, along with the fabricated soft agar jelly and the added drill tip at the robot. Because of the ball-joint at the guidewire, the robot can generate a tilting motion, which, along with the rotation of the robot can effectively remove blood clots. To verify the drilling function, we incorporated silicone oil with a viscosity of 3000 cst along with red ink, and agar jelly with a thickness of 1 cm, as shown in Fig. 9 (b2) . Experiments were performed to remove the agar jelly while generating forward movement, backward movement, and a tilting motion while varying the frequency up to 8 Hz at fixed field of 5kA/m. The rotating magnetic field was in the YZ plane and the control angle α was adjusted up to 50 • for the tilting motion. It was confirmed that the red colored oil was displaced to the right after 60 s. So far, several research groups have performed investigations on magnetic field-induced microcatheters and guidewires. However, in most studies, the magnetic field was relatively strong, and a steering angle of 90 • or less was generated. In contrast, the developed mechanism using a spiral microrobot and ball-joint can be steered in an extremely low intensity field (2.5 mT). The mechanism can move actively, precision control is possible, and the degree of freedom is improved by the ball-joint. Typically, because the length of the guidewire is 1.5 m, the spiral microrobot head cannot tow the guidewire completely. For actual clinical application, a feeding device to push the guidewire is required. However, the spiral microrobot can realize towing for distances less than 30 cm. Under the 30 cm movement, the end-effector can provide precision motion control. By conducting performance evaluation in various environments, it was confirmed that the steering angle was improved by the ball joint, which is especially advantageous in low magnetic fields. Using the microrobot as a guidewire, the performance in realizing various aspects including precision steering control, stable movement, and drilling function was satisfactory. Therefore, the developed guidewire can apply to both diagnostic tool and therapy.
The developed robotic guidewire does not generate heat during movement and is not affected by the earth magnetic field. In general, implantable devices have to be considered for toxicity. However, the issue of toxicity analysis was ignored because the guide wire is temporarily used and removed from the body.
IV. CONCLUSION
To improve the steering angle of active guidewire in low magnetic fields of up to 8 kA/m (10 mT), we proposed a novel guidewire mechanism. A guidewire and a control system using a microrobot that can generate propulsive force and a ball joint mechanism that can improve the steering angle in a rotating magnetic field was developed. Owing to the ball-joint, a steering angle of 75 • could be generated under a magnetic field strength of 2 kA/m (intensity: 2.5 mT).
It is possible to realize precise movement and steering by controlling the rotating direction and changing the rotation axis of the rotating magnetic field. In addition, the robot mechanism can perform drilling function for removing thrombi during movement, and tilting can be performed by the ball-joint, thereby improving the drilling effect. To verify these functions, we conducted simulations and various experiments. However, the conducted tests were basic tests to verify the mechanism. To develop an actual system, considerable research pertaining to the testing, toxicity testing, and animal experiments performed using the proposed mechanism with commercially available guidewires must be performed.
